Abstract: This paper presents a sequence networks based methodology for investigating voltage unbalance in distribution networks with renewable generation. The sequence networks are derived from the original asymmetrical three-phase network, and then interconnected to study sequence voltages and unbalance propagation through the network. The approach enables to analyse the influence of line impedance, load demand and network topology on voltage unbalance caused by distributed generation in the network. The critical factors which impact the unbalance severity and the propagation mode are also identified. The approach is validated by comparing calculated sequence voltages with the results obtained by phase voltage based methodology.
3 the perspective of its influence on unbalance. Finally, the paper proposes a sequence network based formulae to identify the critical factors that affect the propagation of unbalance caused by DG, and comprehensively analyses the impact of various network components on the unbalance severity and its propagation. This analysis approach can assist network planners and operators in understanding the unbalance propagation in the networks, identifying the critical factors that should be taken into account and accordingly choosing the appropriate location for renewable energy integration in order to minimise the effect of unbalance propagation.
Sequence Networks Based Methodology
The connection of single-phased DG is illustrated in Fig. 1(a) . Due to voltage related issues small DG is usually required to operate with a fixed power factor or to have fixed reactive power control [16] .
Since the connection of a single-phase generator results in the injection of unbalanced current [15] , DG can be considered as an unbalance current source at the connecting point. 
The currents in phases B and C are denoted as DB and DC respectively, where DB = DC = 0. This unbalanced current source injects the same amount of positive-, negative-, and zero-sequence currents to the network. The symmetrical components of this current source can be obtained by:
Steady-state sequence models of various components (including generators and loads) have been developed for fault analysis in literature. Based on these developed models, items that have different impedances for different phase sequences are identified and used to construct sequence networks 4 respectively. The unbalance of the distribution lines is modelled and addressed using positive-, negativeand zero-sequence impedances [17] , i.e., Z +, Z -and Z 0 in Fig. 1(b) . The voltage between points ′ and , denoted by ′ , can be described as the combination of its three symmetrical components as below:
where ′ + , ′ − and ′ 0 represent the positive-, negative-and zero-sequence voltages respectively.
Based on (2) and (3), it can be derived that ′ is the voltage across the series connection of the positive-, negative-and zero-sequence networks while current DA /3 flows through this series connection. Based on this, the equivalent circuit of Fig 
′ can be represented using complex format as below:
Based on (1), (5) and the aforementioned assumption, can be represented as a function of P, 1 and 2 :
Replacing , T , and ′ of (4) with U, + , (6) and (5) respectively, (4) can be rewritten as:
The imaginary part of (7) yields 3 2 = , which can be reformatted as:
The real part of (7) yields:
Solving (9), 1 can be presented as below:
The selection of the sign in (10) is based on the following analysis. In the sequence networks, load impedances and generator impedances are connected in shunt, and generators impedances are much smaller than load impedances. Therefore, loads do not appreciably affect the total impedance T . Since the generator impedances and line impedances are usually small, T is small consequently. With the relatively small T , ′ is mainly determined by U. In distribution networks where cables are deployed, usually the line resistance is larger than line reactance. In other words, the influence of line resistance is larger compared to line reactance, and ′ is mainly determined by the real part of ′ , i.e. U 1 . Based on the analysis above, it can be concluded that the magnitude of 1 and should be close, thus sign '+' is selected in (10) . Then, the magnitude of voltage ′ can be derived based on (8) and (10) as below:
Since voltage unbalance is mainly concerned with symmetrical components of voltages (in particular positive-and negative-sequence voltages), the three symmetrical components of ′ can be obtained by applying (6) [18] . This will be further demonstrated in Section 3.1. Based on the analysis above, it can be seen that as Line increases, U decreases, and consequently | − | increases. As for | + |, the first term of (12), i.e. U, is the main factor which determines the variation of | + |. | + | decreases as U decreases. In other words, | + | decreases as line impedance increases.
The effect of variation of load demand:
If loads (three phase balanced load) are modelled as constant power loads, the larger constant power load will draw larger current from the network (due to the relatively steady voltage), i.e., the corresponding load impedance is smaller. Similarly, if loads are modelled as constant impedance, the load with larger rated demand has smaller impedance. Therefore, the increase in load demand results in the decrease in the equivalent impedance of the corresponding load.
Applying potential division to positive-sequence network, it can be derived that U decreases as Load decreases. The procedure used to analyse line impedance variation applies here, and the same conclusion can be obtained, i.e. although the variation of load impedance results in the variation of U and impedance in (15) , the variation of U has larger influence on | − | compared to the variation of impedance in (15) . 
Positive-sequence network 
Analysis of propagation of negative-sequence voltage using sequence networks
The negative-sequence network is given in Fig. 3(a) , together with the phasor diagram of the current flowing through line impedances. Since Load is much larger than Line , majority of negative-sequence current flows through line impedances, while small portion is divided into the path connected with loads.
The currents flowing through Line1 , Line2 and Line3 are denoted as 1 , 2 and 3 respectively. It can be seen from the phasor diagram that the angle of the current on the left of the sequence network is slightly smaller than that on the right of the network. The negative-sequence current propagates from the DG connection point to the infinite bus (equivalent generator). | − | reaches its maximum value at the DG connected point, and gradually decreases along the path to the equivalent generator. If the three line impedances vary with the same amount, their influence on the variation of | − | follows the following order: Line3 , Line2 and Line1 , due to | 3 | > | 2 | > | 1 |. If Line3 is much larger than Line2 and Line1 , the negative-sequence voltage will be greatly reduced when it propagates from | 3 | to | 2 |. It can be seen that the propagation is greatly affected by the distribution of the line impedances along the feeder.
Negative-sequence network
Negative-sequence network Consider an unbalanced load (Load 3) in the network, whose load demand at phase A is different from that at phases B and C, is connected at point ′′. Assume the load impedance of Load 3 at phase A is Load3 ′′ , and that of both phases B and C is Load3 . Based on sequence network analysis, load impedance Load3 ′′ is replaced with the shunt connection of Load3 and F . The same procedure applied for analysing DG connection applies here as well. If the extra load demand at phase A is modelled as the injection of a constant power, the current flowing through the negative-sequence impedance, denoted by FA − , can be obtained from:
The three sequence networks can be interconnected using:
Assume now that a DG is connected at point ′ while the unbalance load is connected at another point, ′′. The negative-sequence network can be obtained as given in Fig. 3(b) . The relationship between the voltage at the connected point ′ and DA − can be obtained using (2) , while the relationship between the voltage at the connected point ′′ and FA − can be obtained using (16) . The relationship among the three sequence networks is represented by both (3) and (17) . With these formulae, the sequence voltages throughout the network can be calculated.
With the available DA − and FA − , negative-sequence network can be used to study the propagation of negative-sequence voltage directly. It can be seen from Fig. 3(b) that the negative-sequence voltage
propagates from '' to the left part of the circuit, and its decrease rate is mainly dependent on the line impedances along the propagation path. To see the unbalance severity at point '', the circuit within the dashed green box is replaced by its Norton equivalent circuit, i.e. the shunt connection between a current source denoted as DA −′ and an impedance. The difference between DA −′ and FA − determines the unbalance severity at points '', together with the total equivalent impedance of the negative-sequence circuit seen from the two ports '' and . The same analysis procedure can be followed to analyse the unbalance severity at point '.
Furthermore, consider a more generic scheme where multiple DGs are connected to different phases at different nodes. Based on the case in Fig. 3(b) , another two single-phase DGs are connected at points ′ (at phase B) and ′ (at phase C) respectively. The negative-sequence network constructed for this network 10 is given in Fig. 3(c) , which shows that the three DGs are connected at different nodes in the network.
Variables DB − and DC − can be related to the voltages at the connected point ′ and ′ respectively using (2).
The same analysis approach, i.e., the analysis conducted for Fig. 3(b) , is applied to analyse the propagation of negative-sequence voltage throughout the network. To see the unbalance severity at point '', the circuits within the red dashed lines can be replaced by their Norton equivalent circuits. The combination of FA − , DB − and the equivalent current sources within the dashed lines determines the unbalance severity at point '', together with the equivalent impedances. The same analysis procedure can be adopted to analyse the unbalance severity at other nodes.
Simulation Studies
Two feeders with a single-phase DG connected at bus B7, as shown in Fig. 4(a) , are adopted for study here. The topologies of the two feeders are similar, except that there are two extra branches in Fig It confirms the conclusion in Section 2.1, i.e., as the line impedance increases, the magnitude of negativesequence voltage increases and the magnitude of positive-sequence voltage decreases. It can be seen from 
Propagation of negative-sequence voltage
An unbalance load, whose load demand at phase A is larger than that at phases B and C, is connected at B6. The extra load demand at phase A is equal to the power generated by DG. | − | of all buses is presented in Fig. 9(a) . It can be seen that | − | propagates from B7. When reaching B6 (i.e. the point connected with unbalance load), − is mitigated significantly. As discussed in Section 2.2, the difference between DA −′ and FA − determines the unbalance severity at bus B6. In Fig. 9(a) , the equivalent current source obtained as the combination of current sources DA −′ and FA − generates small volume of current. With the small unbalance current source, the unbalance issue is less severe at connecting point ′′.
Since DA −′ and FA − are not exactly the same, − is not completely eliminated at point ′′. As for point ′,
its negative-sequence voltage is mitigated accordingly due to the propagated effect of FA − . To model the case of FA − ≫ DA −′ , the extra load demand absorbed at phase A is increased to twice of the power generated by DG. | − | of all buses is presented in Fig. 9(b) . It can be seen that in this case | − | at B6 is larger than that of other buses, as FA − is the dominant unbalance source, compared to DA − . | − | in Fig. 9(b) is larger than that in Fig. 9(a) . Comparing the two cases of different settings for unbalance load, it can be seen that proper distribution of load demand along the feeder can mitigate the unbalance propagation resulting from negative-sequence voltage caused by DG. To validate the application of the proposed approach in a more generic scheme with multiple DGs, another two, single-phase connected DGs are added in the network, apart from the DG connected to phase A at B7. The two DGs are connected to phase B at B6 and to phase C at B4 respectively, injecting the same amount of power as that by the DG connected at B7. | − | of all buses obtained by both approaches is presented in Fig. 9(c) . It can be seen that Fig. 9 (c) is larger than that in Fig. 9(a) . Similar to the settings in case 1, the extra amount of the power drawn from phase A at B6 by the unbalance load is the same as that injected by DG connected to B7. Norton's theorem is applied to the negative-sequence network of the circuit section encircled by green solid line in Fig. 4(b) , and its equivalent current source caused by the DG connected at B7 injects current to point ′′ at B6, denoted as DA −′ . FA − and DA −′ are very similar, derived based on (2) and (16), but flow in opposite direction, as discussed in Section 2.2 and shown in Fig. 3(c) . Since they are not exactly the same, they cannot cancel each other completely at B6. Their residual part (i.e., the combined effect between DA −′ and FA − ) together with current DB − caused by the DG connected at B6 results in peak | − | at B6. The proposed approach is further validated on a 96-bus section of a generic UK distribution network [19, 20] , which is likely to be exposed to unbalance phenomena if unbalance sources exist in the network.
The single line diagram of the network is given in Fig. 10 (a) , and the relevant network parameters in Appendix A. In the study, nine single-phase connected DGs are distributed around the network, and connected to different phases and different buses in the network. The heat-map is employed to present the unbalance propagation in the network based on the results obtained from the proposed approach, as given in Fig. 10(a) . It can be seen that the areas exposed to higher | − |, i.e., the areas encircled by the red dashed lines, can be easily identified. | − | propagates from the circled area and gradually diminishes along the feeder towards high voltage level. Additionally, the | − | of the buses along the main feeder downstream to the DGs, obtained by both approaches is given in Fig. 10(b) . The results are in line with the results presented in the heat-map. 
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